Abstract. This paper describes a comprehensive sensitivity study that was performed using high performance parallel computers to understand the importance of input parameters to a transient partially saturated finite element seepage analysis for a levee with separate soil layers of sand, silty sand, and clay. Seepage flow in this paper refers to the type of flow of water that occurred through the failed levees in New Orleans, Louisiana, USA, as a result of Hurricane Katrina. The input parameters tested were saturated hydraulic conductivity, volumetric compressibility, residual moisture content, saturated moisture content, and two van Genuchten unsaturated flow parameters. The output data compiled to show the sensitivity of the input parameters were the simulation times (days) to achieve 25%, 50%, and 75% of the steady-state values of pore pressure at the toe of the levee beneath its blanket, flow rate through the landside flux section, and the level of saturation in the levee. The use of high performance parallel computers enabled the running of thousands of scenarios using different values for the input variables. A sensitivity investigation of this magnitude has not been previously performed.
1. Introduction. Historically, the majority of practicing engineers have used two-dimensional (2-D) steady state analyses to design and analyze levees. Finite element programs such as SEEP2D [1, 2] in the Groundwater Modeling System (GMS) [3, 4] and SEEP/W [5] with excellent graphical user interfaces have greatly aided these design and analysis processes. However, using only steady-state analyses leads to the most conservative and therefore, the most expensive design. With the ability to now do a transient seepage analysis on a computer, key questions are when should a design be based on a transient analysis instead of a steady-state analysis, what soil parameters are important in the transient analysis, and how reliable are the transient simulation results.
One traditional analytical tool used in determining the relative importance of the various input parameters is a sensitivity study. Some sensitivity analyses have been historically too compute-intensive to perform. However, with the availability of high performance, parallel computing, thousands of scenarios can be run at once, allowing for the testing of a greater number of input parameters than was previously possible.
The purpose of this research was to perform a comprehensive sensitivity study of input soil parameters needed for a transient finite element seepage analysis as measured by the response of key output variables. A generic levee common to the southeastern United States was selected for the analysis. To perform the analysis, a parallel program was created such that from a set of data describing the levee cross section, a finite element mesh was generated, initial and boundary conditions were applied, both steady-state and transient seepage analyses were performed, and key data were stored for future analysis. This was all done in the context of parallel computing where thousands of scenarios could be computed simultaneously. A feature of the groundwater modeling program used in the study is that the time needed to achieve a certain percentage of the steady-state value of a given output variable can be computed and stored for future analysis. This is possible because a steady-state solution is computed before the transient solution is performed. This modified parallel groundwater modeling program made this research possible. Because of all the obstacles, very few sensitivity studies of this magnitude have been completed with no known studies performed on this magnitude for transient seepage. 2. Measuring sensitivity. There are many ways to measure sensitivity of an output variable to an input parameter, and an excellent description of them is given in [6] . This information will not be repeated here but rather some key methods of doing sensitivity studies for numerically intensive applications are highlighted. The method of slopes and the method of ranges were used in this investigation.
2.1. Method of slopes. Changing only one input parameter while holding all the others constant and measuring the output to obtain the slope of the output variable versus the varied input parameter curve is the simplest way of doing a sensitivity analysis [6] . The slope, m, for a given output value (Y ) versus input parameter (X) curve is simply the partial derivative,
This curve can be determined by using different values of X, running the transient seepage program, and then recording the resulting Y output values. Because this slope was determined numerically, it was approximated as follows:
where ∆X is a small increment of input parameter, and ∆Y is the resulting small change in the output value.
Only one type of output parameter was considered in this study, but several input parameters varying over several orders of magnitude were considered. Therefore, a sensitivity coefficient, s m , fashioned after [7] was implemented. Defining Y (X) as the output, Y , as a function of the input parameter, X, s m is
where p is a percentage of a given input parameter. Because of the highly nonlinear nature of the governing partial differential equation where repeated Picard or Newton iterations [8] are needed, a value of p = 10 was selected. The sensitivity coefficient, s m , can be computed for different values of the input parameters to obtain an overall view of the nonlinear behavior.
Method of ranges.
The method of ranges is useful when the output can be sampled over the entire range of the respective input parameters. This method compares how much the output variable changes when the different input parameters are varied. A sensitivity coefficient based on ranges is now defined, which is an extension of previous work [9] . The case where there are i = 1, 2, 3, . . . , M scenarios of the j = 1, 2, 3, . . . , N input parameters was considered. Defining K j as the number of different values of the j th input parameter, M in this research becomes
Eq. 2.4 is rearranged to isolate the j th input parameter as follows:
where M j is the number of combinations of all the input parameters except the j th one. For each of these m = 1, 2, 3, . . . , M j combinations, the results of varying the j th input parameter over its range while holding the other input parameters constant are used to define a sensitivity coefficient based on the range of the output values. The sensitivity coefficient for this m th scenario while changing only the j th input parameter is defined as follows: [10] . Here, Pearson's product moment correlation coefficient [11] was employed. The case that is now considered is where M output values are computed from M values of an input parameter, X. Pearson's product moment correlation coefficient is given by
The larger the r value, the stronger the reaction of the output to the input [12] . This works best when the relationship between input parameter and output variable is linear. However, the application presented in this paper is highly nonlinear.
3. Levee. Eqs. 2.3 and 2.7 were applied to a generic levee. The geometry, material properties, initial conditions, boundary conditions, and hydrograph of the river are provided in the following subsections. Detail is provided for those practicing geotechnical engineers who find such information important.
3.1. Generic levee cross section. A 2-D finite element model of a generic levee cross section representative of the southeastern United States is shown in Fig. 3 .1 (this section is further described in [13] ). This model was used to perform computations and to do the sensitivity study described in this paper.
3.2.
Riverside and landside water elevation. The initial river elevation was set to -5 ft. An initial water elevation below the ground surface is the most interesting case because the water must rise through two of the three soil layers as it reaches its maximum height. The river elevation advanced at 2 ft/day until it reached 17.5 ft where it was held constant indefinitely. This is illustrated in the hydrograph shown in Fig. 3 .2 where the time for the hydrograph is plotted for only 30 days but extends indefinitely.
4. Input parameters selected for the sensitivity study. Table 4 .1 gives the input parameters and respective descriptions selected for variation in the sensitivity study. The first case considered was a homogeneous levee and foundation section where the levee and foundation are all assigned one set of values. In the next case, different material properties were assigned to three layers: levee, blanket, and aquifer. With reference to Fig. 3 .1, the levee material would be a lean clay, the blanket would be the silty sand, and the aquifer would be the clean sand. The geometry of the cross section remained constant throughout the study. 5. Output variables selected for the sensitivity study. The output variables selected for this research are the simulation time in days to achieve 25%, 50%, and 75% of the steady-state values of the following three quantities:
• The pore pressure (psf) at the toe of the levee beneath the blanket (coordinates 132, -10 in Fig. 3.1 ).
• The flow rate per unit length (ft 3 /day/ft) of water leaving the flux section, (132, 0) to (632, 0) to (632, -90) in Fig. 3 .1.
• Levee saturation coefficient. The levee saturation coefficient is defined as where A = area of the levee θ (x, y, t) = volumetric moisture content of an (x, y) point in the levee at time, t θ (x, y, 0) = volumetric moisture content of an (x, y) point in the levee at t = 0 θ (x, y, ∞) = volumetric moisture content of an (x, y) point in the levee at steady state
It is important to note that 0 ≤ S L ≤ 1 since S L = 0 at initial conditions, and S L = 1 at steady state.
6. Homogeneous case. In the first case, the aquifer, confining blanket, and levee materials were assigned identical soil properties.
6.1. Varying only the saturated hydraulic conductivity. The approach used in this research was to start with the simplest case and build on that effort with more complicated scenarios. In this initial run, only saturated hydraulic conductivity was varied with values, 0.001, 0.01, 0.1, 1.0, 10.0, and 100.0 ft/day (3.528 × 10 −7 , 3.528 × 10 −6 , 3.528 × 10 −5 , 3.528 × 10 −4 , 3.528 × 10 −3 , and 3.528 × 10 −2 cm/sec, respectively). The hydraulic conductivity values correspond to the following material types: clay, silt, silty sand, fine sand, and coarse sand, respectively [14] . Table 6 .1 gives the values of the other input parameters used for these runs. Figs. 6.1, 6 .2, and 6.3 show the times to achieve 25, 50, and 75% of the respective steady-state values of the pore pressure at the toe of the levee beneath the blanket, the flow rate through the flux section, and the levee saturation coefficient, respectively. The computer runs were terminated after 1000 days, so in the cases where more than 1000 days are needed to achieve the given percentages of steady state, no values are plotted. Observations are as follows:
• The saturated hydraulic conductivity has a significant impact on results.
• For hydraulic conductivity values of 0.001 ft/day and 0.01 ft/day, none of the given percentages of the steady-state values of the pore pressure beneath the blanket at the toe and the flow rate through the flux section can develop within 1000 days.
• The same basic trend occurs in each plot with only the separation among curves varying. However, to maintain continuity of trends, they are kept in the plots. The method of ranges (Eq. 2.7) was applied to these results, and the result of this computation is provided in Table  6 .2. For all computations in this paper where Eq. 2.7 is used, Y max = 1000. Observations from these results are:
• m v has a significant impact on results but slightly less influence than k s .
• Pore pressure, flow rate, and levee saturation coefficient have the same basic trend.
• The greater the hydraulic conductivity, the less time it takes to achieve steady state.
• The greater the volumetric compressibility, the more time it takes to achieve steady state. 6.3. Varying all input parameters except volumetric compressibility. The next analysis was performed with all input parameters being varied except m v , and s r was computed as before using Eq. 2.7. The values of the parameters used in this analysis are given in Table 6 • The saturated hydraulic conductivity was shown to be the most sensitive input variable.
• The other input parameters of θ r , θ s , α, and n all have significant influence on results.
• α and n are the most sensitive of the unsaturated flow parameters.
Heterogeneous Case.
A final experiment involved a more realistic scenario in which the three different layers of levee, blanket, and aquifer in Fig. 3.1 were each assigned different material properties. the variation of soil types in the three layers, and Table 7 .2 gives the values of soil properties used. The 14 allowable combinations of saturated hydraulic conductivity for the levee and blanket are given in Table 7 .3. Saturated hydraulic conductivity values considered for the aquifer are k s,aquif er = 10 and 100 ft/day.
Because k s , m v , θ r , θ s , α, and n are considered for sensitivity for both the levee and blanket, over one million scenarios would be needed to use the sensitivity method of ranges. Thus, the sensitivity method of Table 6 .3: Range of input parameters. Table 6 .4: Sensitivity coefficient, s r , values for k s , θ r , θ s , α, and n for the times to different percentages of steady state for pore pressure, flow rate, and levee saturation coefficient. slopes given by Eq. 2.3 was used. Another disadvantage of the method of ranges approach used thus far is that some combinations of the input parameters would not be used by practicing engineers. Thus, the material property data were restricted to the allowable combinations given in Table 7 .3 and values given in Table 7 .2. When Eq. 2.3 was used in the sensitivity analysis, the allowable combinations described above were all considered. For a given scenario, the six soil parameters, k s , m v , θ r , θ s , α, and n, for both the levee and blanket (12 parameters) were varied slightly in succession, leaving all the other input parameters constant when a given parameter was varied. This required that for each valid set of soil values or scenario, 13 simulations were needed (the original run plus 12 variations). Two separate parallel high performance computing runs were made, one with k s,aquif er = 10 ft/day, and another with k s,aquif er = 100 ft/day. Thus, two sets of 2444 simulations each were needed. All 2444 simulations for a given k s,aquif er value were accomplished with a parallel MPI job using 2444 processes and taking approximately 1.5 hours. The sensitivity coefficient, s m , from Eq. 2.3 was computed for all the valid combinations for time to achieve 25, 50, and 75% of the respective steady-state value of pore pressure, flow rate, and levee saturation coefficient, • Pore pressure at the toe of the levee and flow rate are 2-3 orders of magnitude less sensitive to the input parameters than is the levee saturation coefficient.
• The input parameters for both the blanket and the levee are important.
• The second van Genuchten unsaturated flow parameter, n, is the most sensitive input variable for most of the scenarios analyzed.
• The sensitivity coefficients for pore pressure and flow rate are approximately an order of magnitude less when k s,aquif er = 100 ft/day as compared to k s,aquif er = 10 ft/day.
8.
Conclusions. This sensitivity study considered a large number of scenarios and was made feasible only through the use of high performance, parallel computers. This is especially true because the scenarios can be run independently without any communication among MPI processes. The results of the study indicate the need to obtain all the input parameters (saturated hydraulic conductivity, volumetric compressibility, residual moisture content, saturated moisture content, and the two van Genuchten parameters) as accurately as possible since the output quantities of interest show a significant sensitivity to each parameter for at least some of the scenarios analyzed. The volumetric compressibility had a dominant effect on output values in the homogeneous case but ranked near the bottom of the list in the case where all three layers had different material properties. The second van Genuchten parameter ranked low in sensitivity in the homogeneous case for pore pressure and flow rate but ranked very high when all three layers had different material properties. When all three layers had different material properties, the van Genuchten unsaturated flow parameters for the blanket often dominated for pore pressure and flow rate, whereas the unsaturated flow parameters for the levee dominated for levee saturation coefficient.
Many of the sensitivity analyses assume that the relationship between input parameters and output variables is linear. The application of unsaturated transient flow is highly nonlinear, so these analyses are of limited value. The method of slopes is suitable for a nonlinear application, but it is very compute-intensive. However, with high performance, parallel computing, this obstacle can be easily overcome since the computation involved for different scenarios is an embarrassingly parallel task. A disadvantage of the method of slopes is that it gives a local value that varies greatly over the different scenarios. A simple average of the results over the different scenarios as presented here could be improved with a more sophisticated analysis. This is a topic of future research.
The method of ranges is acceptable for the application presented in this paper, but it has the disadvantage that many scenarios are needed to explore a full range of input parameters and thus to obtain comprehensive results. However, the number of combinations of input parameters can be reduced by limiting the scenarios to only those of interest to practicing engineers.
